IMPORTANCE Although radiotherapy has been used more frequently in past decades for the management of large melanomas, long-term efficacy of proton beam irradiation (PBI) of large choroidal melanomas has not been reported.
L arge choroidal melanomas have been treated historically with enucleation. Over the past decades, radiotherapy has been used more frequently in the management of large melanomas. However, globe-sparing management of large choroidal melanomas is challenging because of secondary complications from the high volume of radiation and an increased rate of local recurrence. [1] [2] [3] Complications, most often radiation retinopathy, papillopathy, and neovascular glaucoma, are associated with a high risk of vision loss, 4 and many large tumors are located in close proximity to the optic disc, further increasing the risk of such complications. The use of plaque brachytherapy can be technically challenging for large tumors or tumors close to the optic nerve. Placement of large plaques may be necessary, and delivery of an insufficient radiation dose at the tumor apex and uneven tumor coverage in thick tumors adjacent to the optic nerve can occur. The advantage of using a proton beam is that it may spare sensitive structures of the eye while delivering a homogeneous dose of radiation to the tumor. In addition, the radiation dose abruptly decreases outside the treatment area. 5 These properties make proton beam irradiation (PBI) a suitable method to treat large tumors and tumors located near the optic nerve and fovea, delivering the prescribed dose to the entire area of the target tissue and reducing radiation exposure to surrounding healthy tissue. In this article, we present long-term patient outcomes after PBI of large choroidal melanomas.
Methods

Patients and Treatment
Patients with large tumors of the eye treated during a 13-year period (January 1, 1985, to December 31, 1997) were included in this study. Patients were followed up until the end points were reached or until December 31, 2008. The Collaborative Ocular Melanoma Study (COMS) criteria 6 were used as a guideline to classify large tumors, that is, tumors with a height greater than 10 mm, a height greater than or equal to 2 mm and a greatest linear diameter greater than 16 mm, or a height greater than 8 mm with optic nerve involvement (defined as a tumor margin within 1 disc diameter [DD] of the optic disc). All patients were identified through the Ocular Melanoma Registry at Massachusetts Eye and Ear (MEE). The study was approved by the institutional review board of MEE, which also waived the need for informed patient consent. The recommended follow-up protocol for patients was evaluation every 6 months for the first 5 years after treatment and then annually in the ocular oncology clinic at MEE or by their local ophthalmologists. The ophthalmologic examination at each visit completed at MEE included Snellen visual acuity testing, slitlamp biomicroscopy, indirect ophthalmoscopy, fundus photography, and ultrasonography. Adherence to the schedule of follow-up visits varied; 50 of 336 patients (14.9%) completed at least 15 follow-up visits, the minimum expected if the protocol were followed.
Mortality surveillance was completed annually through direct contact with participants, their next of kin, and local ophthalmologists, internists, oncologists, or other specialists monitoring the patient's overall health. Whenever possible, cause of death was determined by obtaining hospital medical records. The National Death Index was used to ascertain cause of death for patients who were lost to follow-up. Cause of death provided by next of kin only was accepted when other confirmation methods were unavailable.
The treatment planning protocol for proton therapy of uveal melanomas has been described previously.
7 A 3-dimensional treatment planning computer program facilitated the selection of the appropriate fixation angle, which was chosen to minimize irradiation of the lens, fovea, and optic disc. Patient immobilization was achieved via a bite block and individually contoured plastic masks mounted into a frame on a head holder. Proper patient positioning was confirmed radiographically, and patients were monitored during treatment with a video camera to ensure that they maintained fixation on the predetermined point. In this series, all patients received a total dose to the tumor of 70 Gy (gray, relative biological effectiveness) delivered in 5 equal fractions. The margins of the surrounding normal tissue that were included in the radiation field were 1.5 mm to 90% of the dose and 3 mm to 70% of the dose.
Study End Points
Two visual acuity end points were evaluated: visual acuity of 20/ 200 or better and visual acuity of counting figures (CF) or better. For the 20/200 end point, 244 participants with a baseline visual acuity of at least 20/200 (72.6% of the cohort) were included. Additional end points were eye retention, tumor recurrence, melanoma-related mortality, and neovascular glaucoma.
Statistical Analysis
Data analyses were initially completed February 2017 and finalized July 2017. All cumulative rates were calculated with the Kaplan-Meier estimator using Stata, version 12 (StataCorp). P < .05 was considered statistically significant.
Results
Baseline Characteristics
In total, 336 patients were included in the study; of these, 150 were women, and the mean (SD) age was 60.0 (14.0) years. Median follow-up time for survival was 7 years (range, 2.8 months
Key Points
Question What are the 10-year outcomes in patients who underwent proton beam irradiation for large choroidal melanomas?
Finding In this single-center cohort study of 336 patients who underwent proton beam radiotherapy, the 10-year rate of visual acuity retention of at least 20/200 was 9% and of at least counting fingers was 22%. Ten years after treatment, the eye was retained (70%) and the tumor was controlled (88%) in most cases.
Meaning Eye conservation may be possible with retention of ambulatory vision in a small proportion of patients with large choroidal melanomas many years after treatment with proton beam irradiation.
to 23.9 years), and 131 patients (39.0%) in the cohort had at least 10 years of follow-up. For ocular outcomes, the median follow-up was 3 years (range, 1.4 months to 15.4 years), and 27 patients (8.0%) had at least 10 years of follow-up. (Figure 1 ). Similar results were observed for visual acuity retention of CF or better in patients with a baseline vision of at least CF, with 10-year retention rates of 22.4% (95% CI, 15.4%-30.4%) overall, 47.7% (95% CI, 27.1%-65.7%) for patients with tumors located greater than 2 DD from both structures, and 4.8% (95% CI, 1.2%-12.5%) for patients with tumors located within 2 DD of both structures (P < .001, log-rank test).
Eye Retention
Eye conservation rates were high for all patients regardless of tumor location. Unadjusted rates of eye retention were 95.1% (95% CI, 92.1%-97.0%) 1 year after irradiation, 77.4% (95% CI, 71.1%-82.5%) at 5 years, and 70.4% (61.5%-77.6%) at 10 years (Table 2) . With longer follow-up, patients with tumors located farther away (>2 DD) from critical structures experienced better outcomes than those with tumors in proximity to the optic nerve and fovea, with 88.2% vs 69.4% at 5 years and 82.7% vs 64.5% at 10 years (P = .048, log-rank test; Figure 2 ).
Neovascular Glaucoma
Among the 336 patients, 85 (25.3%) developed neovascular glaucoma. The median time from treatment to diagnosis of neovascular glaucoma was 19 months (interquartile range, 12.2-25.5 months). By 5 years after irradiation, more than onethird of patients (34.9%) had developed neovascular glaucoma. Patients with tumors located within 2 DD of the optic nerve and/or fovea had higher rates of neovascular glaucoma (rates at 10 years, 44.8%; 95% CI, 34.8-54.6 for tumors ≤2 DD from optic nerve and fovea and 36.2%; 95% CI, 25.1%-50.2% for tumors ≤2 DD from optic nerve or fovea) than patients with tumors farther away from both structures (rate at 10 years, 20.6%; 95% CI, 11.3%-35.6%) (P = .01, log-rank test; Table 3 ).
Tumor Recurrence
Tumors recurred locally in 2.3% (95% CI, 1.1%-4.8%) of patients 1 year after PBI treatment, 5.0% (95% CI, 2.9%-8.5%) at 3 years, 7.8% (95% CI, 4.8%-12.6%) at 5 years, and 12.5% (95% CI, 6.5%-23.2%) at 10 years. Tumors at least 18 mm in largest basal diameter were more likely to recur than smaller tumors (relative risk [RR], 3.5; 95% CI, 1.27-9.75; P = .02), but risk of local recurrence was not significantly associated with thicker tumors, which were defined as at least 8.7 mm (the median size in our cohort).
Melanoma-Related Mortality
One year after treatment, 2.4% (95% CI, 1.22%-4.80%) of patients died of uveal melanoma. This percentage increased to 48.5% (95% CI, 43.0%-54.4%) by 10 years after PBI. Patients with larger tumors were at increased risk of dying of melanoma; a 1-mm increase in basal tumor diameter was associated with a 20% increase in risk (RR, 1.20; 95% CI, 1.11-1.29; P < .001).
Discussion
We evaluated outcomes after PBI therapy in patients with large tumors using COMS criteria 6 to classify tumor size. Although No. at risk >2 DD from optic nerve and fovea ≤2 DD from optic nerve or fovea ≤2 DD from optic nerve and fovea DD indicates disc diameters.
Research Original Investigation
Long-term Outcomes After Proton Beam Irradiation for Large Choroidal Melanomas enucleation is sometimes recommended for these tumors, proton irradiation is an attractive alternative treatment because of the delivery of a homogeneous radiation dose across the entire tumor and the sharp decrease in radiation dose distal to the tumor. Favorable outcomes were demonstrated in our cohort with regard to eye retention and local control. By contrast, visual acuity retention (20/200 or better) was observed in less than 20% of patients (eFigure in the Supplement). Poor visual prognosis was not unexpected given that tumor dimensions, both basal diameter 8 and thickness, [8] [9] [10] are established risk factors for visual acuity loss in patients treated with radiotherapy. Nevertheless, one-third of patients with tumors located more than 2 DD from the optic nerve and fovea retained at least 20/200 visiual acuity 10 years after PBI. Although tumor size is also associated with an increased risk of tumor recurrence and eye loss, 8, 11 local tumor recurrence was relatively infrequent, and eye conservation was possible for most patients in our cohort. Our findings are similar to several studies in patients who received proton therapy for large choroidal melanomas, [12] [13] [14] although direct comparisons are difficult because of variable definitions of size. Some investigators used the COMS criteria, while others used tumor height as a sole criterion for large tumors or the TNM staging classification. Bensoussan et al 12 reported findings similar to ours with respect to visual acuity retention (better than 20/200), eye retention, and melanoma-related mortality. Poorer results were observed in a shorter-term study of patients classified as having extra-large tumors treated with PBI, 13 particularly with regard to local tumor recurrence and eye conservation. The melanomas included in that study were likely skewed toward the largest of tumors (median tumor diameter of patients included was 19.2 mm). Large choroidal melanomas can also be successfully treated with plaque radiotherapy. 9, 15 The disadvantages of using this modality for treating large tumors include scleral melting from the high dose of radiation to the base of the tumor and insufficient dose at the tumor apex. Higher rates of tumor recurrence have been reported in patients treated with plaque radiotherapy than in those receiving radiotherapy using charged particles. 15 A concern of using globe-sparing therapies to treat large tumors is that survival may be compromised. Our results suggest that this concern is unfounded; the 5-year rate of melanoma-related mortality in our cohort was 32%, which is somewhat lower than that reported in a group of patients with large tumors who underwent enucleation. 14 In the COMS clinical trial evaluating treatments for large tumors, unadjusted 10-year rates of histologically confirmed melanoma-related deaths were 45% and 41% for the radiotherapy combined with enucleation arm and the enucleation alone arm, respectively. 18 The 10-year melanoma-related mortality in that study was similar to ours at 48.5% (95% CI, 43.9%-54.4%). Shields et al 15 reported a 10-year metastasis rate of 55% in patients with large tumors treated with iodine-125 plaques.
Limitations
Limitations of this study include its retrospective nature with loss to follow-up. In addition, the use of Kaplan-Meier estimates does not account for those who may recover vision after initial loss.
Conclusions
This study provided long-term follow-up in patients with large choroidal melanomas treated with PBI, confirming the potential benefits of this therapy. Our findings suggested that 61.5% to 77.6% of patients retained the eye through 10 years, although only a small proportion of patients retained ambulatory vision many years after treatment. Tumor recurrence rates were low, and mortality rates were comparable to those previously reported following enucleation. Role of the Funder/Sponsor: The funder had no role in the design and conduct of the study; collection, management, analysis, and interpretation of the data; preparation, review, or approval of the manuscript; and decision to submit the manuscript for publication.
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